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前期在筛选 Hsp90 抑制剂时，发现海洋真菌 Diaporthe phaseolorum HLY2 产
生的小分子化合物真菌环氧二烯（mycoepoxydiene，MED)对 Hsp90 具有一定的
抑制活性。因而本文对 MED 抑制 Hsp90 诱导 HeLa 细胞凋亡的信号通路进行分
析，以期明确其诱导肿瘤细胞凋亡的分子机制，夯实其基础研究。为从海洋微生
物中寻找靶向抗肿瘤先导化合物，丰富 Hsp90 抑制剂的作用机制提供重要依据。 
通过分子对接预测 MED 与 Hsp90 结合能量和结合位点的基础上，采用荧光、
Biacore 等方法，研究 Hsp90 与 MED 的相互作用、分析其结合常数；利用变性
荧光素酶的再复性实验，研究 MED 抑制 Hsp90 的分子伴侣活性。在用 MTT 法
分析 MED 的肿瘤细胞毒活性的基础上，通过 Western Blotting、Co-IP 和免疫荧
光染色、荧光共定位以及 RNA 干扰等技术方法，研究 MED 对客户蛋白的降解
作用及其对相关蛋白质表达水平的影响。通过以上研究得到以下结果： 
1） MED 与 Hsp90 存在结合作用，其结合常数约为 104 L/mol（相同实验条
件 GA 的结合常数约为 105 L/mol）。 
2） MED对Hsp90的分子伴侣活性具有抑制作用，其抑制活性高于对ATPase
活性的抑制作用；MED 作用于 HeLa 细胞 1 h 即可使 Hsp90 与客户蛋白分离，降
低 Akt、IKK、Raf-1、AhR 以及 HER2 等客户蛋白的表达水平。 
3） MED 对与客户蛋白相关的细胞存活及凋亡相关的信号转导通路具有抑
制和激活作用。具体表现在 MED 抑制 IKK/IκBα/NF-κB 增殖信号通路，激活因
Akt 下调，Bad 释放引起的凋亡通路、以及由 Raf-1 相关的 MER/ERK 信号通路
的持续激活，伴随 p21 升高引起的细胞周期阻滞，从而引起细胞凋亡。 
4） MED 下调 AMPK 的表达水平，Hsp90 与 AMPK 具有较强的结合作用，














  II 
且 MED 可以引起 Hsp90-AMPK 复合体的分离。Hsp90 表达水平降低后，亦可降
低 AMPK 的表达，进而抑制 AMPK 信号通路的激活。AMPK 表现出 Hsp90 客户
蛋白的特征。 
5） MED 对宫颈癌细胞株 HeLa、胃癌细胞株 BGC-823、结肠癌细胞株
HCT-116 和乳腺癌细胞株，均表现出一定的细胞毒活性，且可以诱导 HeLa 等肿




凋亡信号通路，而发挥其抗肿瘤作用。（2）MED 是 TNF-α/NF-κB 信号通路的阻
断剂，可以抑制 NF-κB 的入核。（3）MED 是小分子探针，通过 MED 的作用，
发现了已知蛋白质中的 Hsp90 的新客户蛋白——AMPK。MED 可以抑制 AMPK
及其下游蛋白质 ACC 的激活。（4）活性氧 ROS 协同 MED 抑制 Hsp90，诱导 HeLa
细胞凋亡。 
我们的研究揭示了具有抗肿瘤活性的 MED 抑制 Hsp90 诱导 HeLa 细胞凋亡



















The molecular chaperone Hsp90(heat shock protein 90) is a promising target in 
cancer therapy. It is involved in the maturation and stabilization of a wide range of 
client proteins, which are mutated and/or overexpressed in cancers, crucial for tumor 
cell survival, growth, resistance to apoptosis, metastasis and angiogenesis. 
Geldanamycin, a well-known inhibitor of Hsp90, exhibites potent anti-cancer activity 
by inhibiting kinase folding by competitive binding to the N-terminal ATP pocket of 
Hsp90 in wide range of cancers. And its derivatives 17-AAG，IPI-504 et al are in 
phase III/II clinical trials. 
Mycoepoxydiene(MED) was isolated from the metabolites of a marine fungus 
associated with mangrove forests. It can induce cell apoptosis, but with unclearly 
target. In the screen of Hsp90 inhibitos, we found that MED can inhibit Hsp90 
activity. Thus we proceeded to study the signal pathway that MED inhibits Hsp90 to 
induce apoptosis of HeLa cells. 
The results are as follows： 
1) MED interacted physically with Hsp90, yielding a binding constant of 104 
L/mol (the binding constant of GA was 105 L/mol at the same condition) 
2) MED inhibited Hsp90 molecular chaperone activity. MED can drive 
Hsp90-clients complex to separation within 1 h, and induce degradation of Hsp90 
clients like Akt、IKK、Raf-1、AhR and HER2. 
3) MED had effects of inhibition or activation on Hsp90 clients-oriented cell 
signal pathway about survival and apoptosis. MED can inhibit Akt/Bad pathway and 
inhibit TNF-α-induced NF-κB activation which induce HeLa cells to apoptosis. MED 
also over-activated ERK, proceeded with upgrading p21 which induces cell cycle 
arrest in HeLa cells. 
4) MED can deregulate the expression of AMPK and inhibit its activation. Co-IP 
and Co-location experiments forward proved that the two proteins were members of 
some complexs which was consistent with the results from Docking, Fluorescence 
titration and Octet analysis. MED can drive Hsp90-AMPK complex to separation. 
And blockdown of Hsp90 can also deregulate expression and activation of AMPK. A 
broader implication for our work relates to that AMPK is another client of Hsp90. 














  IV 
5) MED was cytotoxic to HeLa cells, BGC-823 cells, HCT-116 cells and 
MDA-MB-231 cells. ROS played a role as promoter or cooperator in MED-induced 
apoptosis. 
Our results reveals the conclusions (1) MED is a Hsp90 inhibitor，which can 
induce degradation of Hsp90 client and then led survival signal pathway of tumor 
cells to be inhibited. (2) MED is a antagonist of TNF-α/NF-κB signal pathway. (3) 
MED can be a small molecular probe, which was used to found a new Hsp90 client 
——AMPK. And MED inhibits the activation of AMPK and ACC. (4) ROS 
cooperates with MED inhibiting Hsp90, which induce HeLa cells apoptosis. 
Our study figures out the molecular target of MED and reveals part mechanism of 
MED-induced apoptosis in HeLa cells.And we also find that AMPK is associated with 
Hsp90, which is another Hsp90 client.  
 

















缩写  全称(英文) 全称(中文) 
Aha 1 activator of Hsp90 ATPase Hsp90 ATP 酶的催化剂  
AMPK AMP-activated protein kinase AMP 激活的蛋白激酶 
APS ammonium persulfate 过硫酸氨  
AR androgen receptor 雄激素受体 










BSA bovine serum albumin 牛血清白蛋白 
Cdks cyclin dependent kinases 周期蛋白依赖性激酶 
Chip 
C-terminus of Hsc70-interacting 
protein 
Hsc70-相互作用蛋白的 C-末端
cIAP cellular inhibitor of apoptosis 细胞凋亡抑制蛋白 
DMEM 
Dulbecco′s modified 
of Eagle′s medium 
一种细胞培养液 
ECL enhanced chemiluminescent 免疫印迹化学发光 





FITC fluoresceine isothiocyanate 异硫氰酸荧光素 
Flt-3 FMS-like tyrosine kinase-3 FMS 样的酪氨酸激酶-3 


























Grp94 glucose-regulated protein 94 葡萄糖调节蛋白 94 
HER2 
human epidermal growth factor 
receptor 2 
人表皮生长因子受体 2 
HIF-1 hypoxia-inducible factor-1 低氧诱导因子-1 
Hip Hsp70 interacting protein Hsp70 相互作用蛋白 
Hop Hsp organizing protein Hsp 组织蛋白 






MEF mouse embryonic fibroblast 小鼠胚胎纤维原细胞 











PAGE polyacrylamide gel electrophorisis 聚丙烯酰胺凝胶电泳 
ROS reactive oxygen species 活性氧自由基 
Sti1 stress-inducible protein 1 胁迫诱导蛋白 1 
shRNA small hairpin RNA 小片段发夹结构 RNA 
TNF-α　 tumor necrosis factor-α　 肿瘤坏死因子-α　 
TPR tetratrico peptide repeat 三四氨基酸重复（基序） 
Trap1 
tumor necrosis factor 
receptor-associated protein 1 
肿瘤坏死因子相关蛋白 1 































1.1.1 Hsp90 的分类及生理功能 
人类的Hsp90存在4类不同的异构体：Hsp90α、Hsp90β、Hsp75/Trap1(Tumor 
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